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ABSTRACT 
The competition on the international markets pushes 
manufacturers towards shorter design cycles and decreasing 
manufacturing times and costs for their products. This trend 
generates a demand for smart, flexible and faster machining 
systems, easy to set up and configure, which are able to 
drastically reduce machining time and improve the final 
accuracy. This paper rises from these considerations evaluating 
the possible application of multifunction materials in machine 
tool (MT) design and building. These solutions can provide a 
fundamental impact on functionality and reliability of a 
manufacturing system. In particular, use of innovative materials 
in today’s technology continues to grow steadily. Numerous 
reasons for this growth include light weight, superior insulating 
abilities, energy absorbing performance, excellent 
strength/weight ratio and low cost. This paper aims to 
investigate a possible application of multifunction materials in 
realisation of structure components for Machine Tools. There 
are many aspects that affect the machining accuracy and the 
cutting conditions of a high performance MT. The most 
important issues are related to the static, dynamic, mechatronic 
and thermal behavior of the machines. In particular, a strict 
requirement that a machine tool has to fulfill in order to 
drastically reduce operating time while improving the final 
accuracy is the thermal stability. This paper shows a complete 
study and testing validation on prototypes (plates and beam) 
based on sandwiches with core made of metal foam (open and 
closed cells) materials impregnated by a PCM (Phase Material 
Change) wax. Metal foams represent a new class of materials 
with low density and novel physical, mechanical, thermal, 
electrical and acoustic proprieties. They offer potential for 
lightweight structures, for energy absorption and thermal 
management. PCMs are latent heat storage materials that 
absorb heat keeping constant the temperature of a machine 
component in a defined time range. The authors have designed, 
realized and tested the prototypes developing thermal trials, and 
then evaluating the comparison between experimental data and 
simulative analysis (FEM). The trials consisted to process the 
prototypes at a variation of temperature (from 20°C to 50°C) in 
order to assess the PCM proprieties to absorb heat and maintain 
thermal stability in a defined time range. The paper shows also 
a simulative study on PCM material behavior and their 
application in MT design supported by experimental trials and 
data analysis. The significant advantages and perspectives that 
can be obtained in applying of these MT structures complete 
the developed study. 
 
Keywords: Multifunctional materials, machine tool, metal 
foams, PCMs. 
 
INTRODUCTION 
The study of innovative materials in machine tool (MT) 
building can provide a fundamental impact on functionality and 
reliability of a manufacturing system. In particular, the use of 
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innovative materials in modern technology continues to grow 
steadily. Numerous reasons for this growth include light 
weight, superior insulating abilities, energy absorbing 
performance (i.e. shock, vibration and sound), excellent 
strength/weight ratio and low cost [1].  
High stiff, light and damped solutions are required to 
ensure machining accuracy, especially in the submicron range. 
A strong mass reduction of mobile machine parts and an 
increase of their stiffness and damping to obtain excellent 
static, dynamic and thermal stability of the structures are 
becoming a “must” to ensure excellent results in terms of 
technological and cost-effective impact. Typical examples of 
machine structures are the mobile parts of milling, grinding, 
laser cutting or coordinates measuring machines. The 
introduction of composite materials in MT market can provide 
significant advantages in term of static and dynamic 
performances, and represent a new challenge for design 
engineers and further opportunities for the composite 
manufacturers. Conventional materials for MT building are cast 
iron, welded steel and, in some cases, aluminium-alloys. 
Although these materials represent a consolidated technology 
for MT engineers, the need to ensure high performances 
requires the investigation of a new class of materials with 
improved inherent properties in terms of specific stiffness and 
structural damping and dimensional stability. 
This study wants to show an investigation of an application 
of metal foams impregnated by a Phase change Material 
(hereafter PCM) wax in MT component realization. Metal 
foams represent a new class of materials with low density and 
novel physical, mechanical, thermal, electrical and acoustic 
proprieties [2]. Their particular cellular structures permit to be 
impregnated by PCMs that guarantee to absorb heat and keep 
thermal stability of a machine component when temperature 
changes in a defined time range.  
MAIN ISSUES IN MACHINE TOOL DESIGNING  
This study arises from an analysis of the main issues in MT 
design. In fact, there are many aspects that can affect the 
accuracy and precision of a machining performance. The most 
important problems are related to thermal, static, dynamic and 
mechatronic behavior of the machines [3-6].  
A first consideration deals with the evaluation of thermal 
errors. These issues are due to an increase of the MT structure 
and component temperature during the machining operations 
[7-9]. Thermal distortion of MT structures is widely attributed 
as a significant cause of workpiece inaccuracy within modern 
CNC machining specially in micro domain. It is difficult to 
develop a practical compensation strategy dealing with the 
different aspects of machine tool thermal behavior. For this 
reason practical actions are necessary in order to guarantee 
thermal stability of MT components and structures during the 
manufacturing operations. In general, it is possible to classify 
thermal errors in two main categories: errors that effectively 
alter the linear positioning of the machine and errors that 
change the machine offsets [10,11]. These errors can be caused 
by different heat sources (i.e. bearings, drives, pumps, motors, 
cutting action or external sources) that should be analyzed to 
avoid possible effects on machine accuracy. These 
considerations suggest to use particular structural materials (i.e. 
cement concrete, fibre reinforced plastics) able to reduce the 
deformation due to temperature changes, or to study advanced 
techniques that permit to compensate thermal errors analyzing 
temperatures of machine critical points.  
In this study the authors present a further solution to apply 
PCMs in machine tool structure building in order to absorb 
heat, keeping constant the temperature of a machine component 
in a defined time range when temperature is perturbed. 
Other considerations should be developed for static error of 
a MT. The static behavior is clearly characterized by the static 
stiffness, defined as the ratio between the static load due to the 
cutting force and the related displacement at the tool tip. The 
static sensibility analysis is based on the evaluation of the 
contribution of every single structure/component of the 
machine to the global compliance at the tool tip [12,13].  
The dynamic behavior and its physical causes are still not 
fully understood. It is noted that vibrations in MT are induced 
by periodic forces and can be divided into two categories: 
forced (and free) vibrations and self excited vibrations (chatter). 
The forced vibrations are induced by unbalance effects, gear 
and bearing irregularities, multi-tooth cutter impact as well as 
the motion of the foundation. Free vibrations can instead be 
produced by shocks under practical conditions. Forced and free 
vibrations are often encountered and difficult to avoid, for this 
reason the evaluation of the critical frequencies of a machine is 
fundamental in order to know if the excitation forces can cause 
resonance issues and produce an unacceptable accuracy of the 
workpiece. Self-excited vibrations (chatter) are a basic 
instability of the cutting mechanism itself. This phenomenon is 
not induced by external periodic forces but it is defined by 
forces of the dynamic cutting process, such as a self-excitation 
mechanism in the generation of chip thickness.  
Another important issue related to the MT accuracy is the 
evaluation of the mechatronic behavior of CNC machines. It 
refers to the dynamic behavior within a closed control loop and 
it is typically related to the evaluation of five basic types of 
contouring errors such as steady-state error at constant 
acceleration along a straight line, transient error (peak value) at 
beginning/end of acceleration/deceleration phase, overshoot 
error at stop, mean radial error on a circle (in steady-state 
condition) and circularity error on a circle (in steady state 
condition). 
In the light of this brief analysis it is important to reduce 
machine mass and enhance its damping and stiffness. The mass 
reduction involves another significant advantage: less mass to 
move means less inertia and so less energy “absorbed” by the 
machine. For this reason, in MT structure building the authors 
have considered lightweight materials that permit an excellent 
stiffness-to-weight ratio when loaded in bending and a low 
density with good shear and fracture strength as well as metal 
foams. Furthermore, in order to reduce the temperature effect 
on MT structure distortion the PCMs  application has been 
considered. This application consisted in impregnating metal 
foam materials with PCM wax to guarantee thermal stability, 
when the temperature was perturbed, and dynamic stability 
using lightweight materials. 
MULTIFUNCTIONAL MATERIAL APPLICATION IN MT 
BUILDING 
The application of multifunctional materials in MT 
building can address issues related to thermal, static and 
dynamic stability of structures. This paper wants to show a 
complete study and testing validation on prototypes (plates and 
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beam) based on sandwiches with core made of metal foam 
(open cells) material impregnated by a PCM wax. For this 
reason a brief presentation of these materials is developed in 
the following sessions in order to understand the main 
proprieties, features and advantages.  
Metal foams 
Metal foams represent a new class of materials with low 
density and novel physical, mechanical, thermal, electrical and 
acoustic proprieties. They guarantee potential for lightweight 
structures, for energy absorption and thermal management with 
low costs [14, 15]. These performances can be achieved thanks 
to their exceptionally high properties in term of stiffness-to-
weight ratio and low density with good shear and fracture 
strength. A further advantage of these materials is the damping 
capacity that is larger than that of solid metals by up to a factor 
of 10. The classification of metal foam structures depend upon 
the properties of the parent metal, the relative density and cell 
typology [16-20].  
In this paper the authors have considered open celled 
foams, while evaluations and possible applications of closed 
cell materials are currently under testing. Open celled foams are 
porous structures consisting of an interconnected network. 
They are a cellular structure constituted by a solid metal 
(aluminium) containing a large volume fraction of gas-filled 
pores. Their particular structure permits to be impregnated by 
other materials (liquid state) as a PCM wax.  
The main features of these types of materials are the pore 
size and the relative density. The pore identifies the polygonal 
opening through every open window while its size defines the 
number of pores per inch (ppi). The relative density is a 
fundamental property in order to understand the density of a 
foam divided by the density of the solid parent material of the 
struts. Therefore while pore size controls the number and 
nominal size of the foam structure, the relative density defines 
the ligament cross-section shape and actual size. Using this 
information it is possible to choose the most suitable type of 
foam and calculate the quantity of the PCM material that can be 
infiltrated into the metal foam cells. 
The main mechanical proprieties of metal foams are 
excellent stiffness, good shear and fracture strength, and high 
mechanical damping capacity that are required to ensure 
machining accuracy, especially in the submicron range. In 
order to evaluate these features and develop a comparison with 
other materials employable to realize structural components of 
a MT, a theoretical study is explained. The selection strategy is 
based on the evaluation of two parameters that can be 
considered merit indexes: the structural index and the damping 
coefficient. The structural index is given by the ratio between 
the cube root of the Young’s module E and the density of the 
material ρ. This index regards the material mass and stiffness. 
In particular, for a prescribed stiffness, materials with the same 
structural index have the same weight. The weight is minimized 
(and the stiffness is increased) by selecting materials with large 
values of structural index. Figure 1 shows a chart that permits 
to select the appropriate material on the basis of its structural 
index [21]. Materials with the same structural index lie on the 
same line whose slope is 1/3 (the chart is in logarithmic scale). 
Conditions on the static, dynamic and mechatronic behavior of 
a structure can be translated into conditions on the structural 
index and damping coefficient (in particular, referring to the 
chart of Figure 1, materials with the best structural index lie in 
the top-right zone).  
A comparison between cast iron, steel, aluminium alloys, 
Mg alloys and metal foams has been developed. The values 
assumed by the structural index E1/3/ρ and by the damping 
coefficient η for these materials are reported in the Table 1. 
 
 
FIGURE 1. Selecting material chart 
 
TABLE 1. Selecting material indicators 
 
The material characterized by the highest values of the 
structural index and damping coefficient (that is, having the 
best static, dynamic and mechatronic behavior) is the 
Aluminium Metal Foam. In the same way, Mg alloys have a 
high value of damping but it is extremely expensive, especially 
due to the high manufacturing costs. In the light of these 
considerations the authors considered metal foam materials as 
an excellent candidate to reduce problems of static, dynamic 
and mechatronic behavior in MT structural building. 
Nevertheless the thermal issue has not been considered, but it is 
analyzed in a second phase by introducing a PCM material. 
Phase Change Materials 
The application of Phase Change Materials can be a good 
solution to solve the thermal issue in MT structure designing 
and building. PCMs are latent energy storage materials that use 
their phase change to absorb heat and maintain constant the 
temperature for long duration (the so called “plateau”). In 
particular a PCM temperature remains constant during the 
phase change. This is useful for keeping the object (i.e. MT 
components or structure) at a uniform temperature [22].  
In this study the authors have considered a paraffin wax 
with a typical melting point about 31 °C , an heat capacity 
(latent heat) of 130 KJ/kg and a density close to 0.89 kg/l (solid 
state at 25°C). This is an ecological heat storage material that 
Material E1/3/ρ [GPa1/3/Mg/m3] η 
Cast iron 0.63 1.2⋅10-3÷1.7⋅10-3 
Steel 0.77 6⋅10-4÷10-3 
Aluminium alloys 1.5 2⋅10-4÷4⋅10-4 
Mg alloys 1.9 10-3÷10-2 
Aluminium Metal 
Foam 2÷5 4⋅10-3÷10-2 
 4 Copyright © 2009 by ASME 
uses the processes of phase change between solid and liquid 
(melting and congealing) to store and release large quantities of 
thermal energy at nearly constant temperature. Other important 
proprieties are: long life product, with stable performance 
through the phase change cycles, ecologically harmless and 
non-toxic and chemically inert. 
PROTOTYPE DESIGN AND REALISATION 
In order to test the proprieties of these multifunctional 
materials, based on sandwiches with core made of metal foam 
impregnated by a PCM wax, the authors designed and realized 
a number of prototypes (plates and beam, Z-axis of a milling 
machine). The main goal was to test the thermal stability of 
prototypes when the environment temperature was perturbed. 
In particular, it is interesting to study and compare different 
types of metal foam density (20 and 40 ppi) and analyze the 
thermal behavior using the paraffin wax. 
The first part of the study consisted in designing five 
samples (i.e. plates) that could permit to develop a preliminary 
analysis. In particular it was important to evaluate the 
realization process in impregnating plates with the PCM. In fact 
using the density information of the metal foams and weighing 
the samples after the impregnation process it was possible to 
understand if the PCM wax had filled all cells of the samples. 
The choice was to design simple plates, as shown in Figure 2 
(a), that were able to perform thermal tests. The raw materials 
of samples were two steel sheets (thickness 2mm) and four U 
profile beams to cover and close the core, the metal foam core 
(density of 20 ppi and 40 ppi), PCM materials (paraffin wax - 
melting temperature 31°C) to impregnate the core and epoxy 
glue to assembly the plate components.  
The realization process consisted in assembling the core 
with the four U profile beams and a steel sheet (using the epoxy 
glue) and weighting the obtained device. Melting the PCM in a 
bowl (it is sold at solid state) it was possible to impregnate the 
device with the liquid wax. In order to check that the paraffin 
wax had filled all cells the device was weighted and then closed 
using the second steel sheet. Following this way it was possible 
to obtain a hybrid sandwich constituted by an open cell metal 
foam core, two steel sheets and a PCM wax, Figure 2.  
In the same way the authors designed and realized a three-
dimensional structure; it is a Z-axis (300x300x500 mm) of a 
precision milling machine, Figure 3. The metal foam used for 
the beam building is characterized by density equal to 20 ppi. 
Thanks to this three dimensional structure, the results 
achievable from test campaigns can verify thermal hypothesizes 
on a realistic MT component. 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 2. Structural scheme  of the designed plates 
 
 
EXPERIMENTAL TRIALS AND RESULTS  
The first experimental campaign considered the tests 
covering the prototypes previously described. A correct 
experimental approach must consider the behavior of different 
items when many factors are perturbed, analyzing their effects, 
obtaining information and collecting data. Every plate has been 
tested at controlled environmental conditions, reducing the 
noise variability as a consequence.  
The multifunctional material plates have been design to 
perform distributed thermal stability, avoiding any undesired 
thermal gradient between the surfaces. Thus the experiments 
must reproduce a close-to-uniform temperature, involving the 
plates in an appropriately controlled environment.  
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 3. Structural scheme of the designed beam prototype 
 
For this reason, the plates have been positioned vertically 
inside a box, over-dimensioned in respect to the plates and 
entirely coated with insulating and reflective materials. 
Thermal conditions are obtained and maintained by two 
resistances of 600 W, symmetrically positioned at 150 mm 
away from the plate centre. The test bed is schematically shown 
in Figure 4. The entire measurement system includes a series of 
thermocouples strategically positioned on the plates. Three 
thermocouples have been applied to the external surfaces in 
order to verify the thermal stability and to approximately assess 
thermal distribution; another thermocouple has been inserted 
inside the core to control the PCM temperature. 
 
 
FIGURE 4. Scheme of the test bed and thermocouple positioning 
 
During the design process, the surface geometry (300 x 
300 mm) and the stiffness of the plates have been held as 
constant factors. Otherwise, other factors are variable. The 
plates differ in density, thickness and structural characteristics. 
The influence of variable factors can be assessed through the 
experimental campaign.  
Thus, though the main objective of the experimental trails 
is to verify the thermal behavior of the multifunctional 
structures, it is possible to investigate the effect of different 
 
 
 
1. External tube  B1 
2. Internal tube B1 
3. Foam 
4. Cover B1
 1. Steel sheets 
2. Metal foam core 
3. U profile beams 
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design solutions on the thermal performances, qualitatively and 
quantitatively comparing different responses due to the variable 
factors. The test campaign is resumed in Table 2, where 
specific characteristics are listed. Since the environment is held 
constant and the investigation is based on temperature trends 
rather than on static responses, low variability can be attributed 
to the repeatability of the experiments and two observations 
seem enough to assess thermal performances. The trends and 
responses of every test are compared to those of a common 
steel (Fe230) plate characterized by equivalent geometry of the 
surface and stiffness. In this paper the results of Test 1 are 
presented in detail, exemplifying the behavior of the designed 
plates. Furthermore, a comparison between trends and 
responses of tests 2 and 3 are discussed. 
 
Plate Test Epoxy glue PCM Foam density 
1 Yes Yes 40 ppi 
2 No Yes 20 ppi 
3 Yes Yes 20 ppi 
4 Yes Yes 20 ppi 
Open Cells 
5 Yes No 40 ppi 
TABLE 2. Experimental campaign 
 
The environmental conditions at the beginning of the 
experiment are close to 22 °C. The experiment is monitored 
since the external temperature of the plate reaches 45 °C or 
after 35 minutes. Data collection is permitted by an accurate 
capture system with a sampling frequency of 1 s. 
The graph of Figure5 resumes the results of Test 1. By 
looking at the graph, a plateau trend can be observed at 31°C. 
The plateau ends after completion of PCM phase transition in 
Tp close to 20 minutes, when a linear increasing (VarT equal to 
0.0245 °C/s) of the temperature is correctly observed. The 
external thermocouples registered a comparable temperature 
and the curves overlap with an average experimental error close 
to 1°C (AvgT). Furthermore, an appropriate uniform 
distribution of the temperature on the plate surfaces has been 
verified, quantified by an average difference (AvgTs) between 
thermo-points on the same surface equal to 0.288 °C. Many 
other indexes can help to quantify the achieved results. 
Performance indicators are calculated for every test for an easy 
interpretation of the results and for further comparisons. The 
results of Test 1 are listed in Table 3. 
 
Indicator Performance Value 
TM [s] Time to PCM melting 300 s 
TP [s] Duration of the plateau 1 200 s 
T45 [s] Time to 45 °C 1 900 s 
VarT [°C/s] 
Trend increasing velocity after 
completion of the plateau 
0.0245 
°C/s 
AvgT [°C] 
Average difference between opposite 
thermo-points 0.99 °C 
AvgTs [°C] 
Average difference between thermo-
points on the same surface 
0.288 
°C 
∆TFe [°C] 
Temperature gain at the end of the 
experiment (by comparison with a 
bulk steel sheet) 
21.14°C 
TABLE 3. Test 1 performance indicators 
The thermal stability of the plate can be appreciated by 
looking at the difference between an external surface thermal 
curve from Test 1 and the thermal behavior of the Fe230 bulk 
steel sheet (upper green curve in Figure 5). The thermal gain is 
proportional to the temperature accumulated by the wax, 
quantifiable by the difference between the curves (21.14 °C at 
the end of the experiment, ∆TFe). The multifunctional material 
controls the temperature during the plateau. In this case, at the 
end of the plateau the temperature doesn’t exceed 35 °C, 
instead the bulk steel sheet reaches 60 °C causing potentially 
relevant consequences on material distortion. Form a machine 
tool point of view this would lead to undesired shape errors on 
the workpiece. 
An epoxy glue has been used to assembly the plate 
components. The comparison between Test 2 and Test 3 is 
useful to assess the effect of the glue on thermal behavior; in 
fact the two tests held every factor (density 20 ppi and 
geometry) except the presence of the epoxy glue (see Table 4) .  
These tests have been conducted in a different test bed, 
schematically represented in Figure 6. 
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FIGURE 5. Experimental results of Test 1 compared with a 
stiffness equivalent bulk steel sheet 
 
 
 
FIGURE 6. Scheme of the test bed for Test 2 and 3 
 
The plate has been positioned horizontally on the upper 
side of a completely insulated box; the thermal source (a 100 W 
resistance) has been positioned at 150 mm under the plate 
centre. This configuration is more suitable to assess the 
potential thermal barrier opposed by the glue.  Figure 7 shows 
on the same graph the thermal trends obtained by the same 
external sensor in both the cases. By comparing the results, it is 
possible to conclude the epoxy glue effect on thermal stability 
is negligible.  
This result is much more precise as the thickness of glue 
layer is thinner. In fact the blue curve (Test 2) overlaps the red 
one (Test 3) along the plateau. The plate assembled with epoxy 
glue shows a short delay (300÷400 s) on temperature rising 
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after the completion of the plateau. Then the temperature value 
increases with equal velocity (0.08 °C/s), as noticeable by the 
parallelism of the final part of the curves. The difference 
between temperatures at the end of the experiment is 2.6 °C. 
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FIGURE 7. Comparison of external sensor results for Test 2 and 
Test 3 
 
The tests performed on the plates helped to understand the 
behavior of such multifunctional materials. In fact, once 
thermal stability is verified for simple geometries, the following 
objective is to evaluate the designed capabilities on three-
dimensional structures.  
This deals with the second phase of experimental campaign 
whose goal is to understand the thermal behavior of a three-
dimensional structure, a Z-axis (300x300x500 mm) of a 
precision milling machine. In this case, the trials have been 
performed in an appropriate room where the temperature was 
perturbed in a specified range (from 20°C to 50°C). 
A thermal behavior comparison has been developed 
between the beam made of PCM impregnated aluminium foam 
and a cast iron beam. Following this way, it is possible to 
understand the contribution of the PCM in thermal stability 
evaluation of the MT component. 
For every beam, different thermocouples were located on 
the external lateral surface, in order to evaluate the thermal 
behavior in different positions. In this paper, the analysis and 
further comparisons are performed on the data collected by the 
upper sensor. Furthermore, the environmental temperature was 
checked continuously. 
Figure 8 shows the comparison of the thermal data 
collected for the cast iron (light line) and innovative beam (dark 
line). The tests ended after 12 000 seconds and, in any case, 
after the completion of the phase change of the PCM. As for the 
plates, it is possible to note the considerable thermal gain due to 
the multifunctional material. The temperature measured on the 
external innovative beam surface doesn’t exceed 35 °C, instead 
the conventional beam surface rapidly reaches 45 °C, meaning 
potentially serious consequences in terms of distortions and 
shape errors during manufacturing. 
FE MODELING OF THE BEAM SAMPLE AND 
NUMERICAL-EXPERIMENTAL VALIDATION  
A FE (Finite Element) model of the beam sample has been 
developed to compare experimental data with virtual one and 
achieve further confirmation of the goodness of the assessed 
performances. The FE model includes the steel skins, the top 
steel core, the core the epoxy glue between steel skins and the 
core itself (Figure 9). The core, in Al-foam (open cells) 
impregnated with PCM-wax material has been considered as a 
homogeneous and isotropic material having weighted 
properties in accordance with micromechanics of composites.  
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FIGURE 8. Experimental results of multifunctional material beam 
compared with a cast iron one 
 
 
 
 
FIGURE 9. FE Model of the beam sample  - estimation point at 
200 mm from the middle plane 
 
This simplification, reasonable at this preliminary 
validation stage, should allow to avoid a FE micro-structural 
model of cells and PCM material that can lead to a huge 
calculation time. 
In particular has been set the density of the core ρcore (Equation 
1), its thermal conductivity Kcore (Equation 2) and its the 
specific heat Cpcore (Equation 3).    
 
pcmpcmAlfAlfcore VV ⋅+⋅= ρρρ     (1) 
pcmpcmAlfAlfcore VKVKK ⋅+⋅=     (2) 
pcmpcmAlfAlf
pcmpcmpcmAlfAlfAlf
core VV
VCpVCp
Cp ⋅+⋅
⋅⋅+⋅⋅= ρρ
ρρ
  (3) 
 
VAlf represents volume fraction of Al-foam inside the core, 
equal to 0.06 from experimental measures, Vpcm the volume 
fraction of PCM inside the core (0.83 from experimental 
measures). Correctly, the summation of Valf and Vpcm does not 
give 100% as the core includes some air spaces not filled in by 
PCM. This discontinuity has been neglected in the calculation. 
The density of the Al-foam (ρAlf) is equal to 0.15 Kg/dm3, the 
thermal conductivity (KAlf) is 6 W/m C and the specific heat 
(CpAlf) is 900 J/kg C. PCM is characterised by a density (ρpcm) 
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of 0.87 Kg/dm3, thermal conductivity (Kpcm) equal to 0.2 W /m 
C and specific heat (Cppcm) 2 000 J/kg C. 
In the FE model, the total weight of the core (Al-foam + PCM) 
and of the whole beam is respectively 11.79 kg and 34.40 kg. 
Thus the correspondence with the real case verified. 
The latent heat (heat storage capacity) HPCM of the selected  
PCM wax is 130 KJ/Kg, while for the homogeneous core of the 
proposed FE model it has been calculated equal to 94 KJ/Kg 
(Equation 4), taking into account that the density of the 
homogeneous composite core is different from the PCM one. In 
this way the total heat storage capacity of the core results 
congruent. 
 
coreofWeight
insidePCMofWeightHH pcmcore =    (4) 
 
A quarter portion of the beam has been modelled, imposing the 
due symmetry conditions. The boundary condition at interface 
with the environment is a free convection. A FEA transient 
thermal analysis has been run using MSC-Nastran solver. 
The time variation of the environment temperature (TENV) has 
been imposed equal to the actual one. 
The FE results are reported in two plots. Figure 10 refers to 
FEA results, evaluating the temparture variation at the 
estimation point, considering a beam model with PCM-based 
core and without PCM. The graph shows how the thermal 
stabilastion effect of PCM is relevant. 
 
 
 
FIGURE 10. FEA results - Temperature variation on the external 
skin, evaluated at the estimation point. 
 
 In  Figure 11 is finally plotted the comparison between 
FEA numerical  results and experimental ones. A good 
prediction is achieved through the proposed FE model. The 
mis-matching of curves within the 0 - 5 000 s time range could 
be mainly attributed to the simplifying assumption considering 
the foam core as a homogeneous compound materials. 
Moreover the model does not take into account the 
uncompleted PCM filling of Al-foam pores (which happens in 
practice). 
CONCLUSIONS 
This paper aims to investigate a possible application of 
multifunctional materials in realization of structure components 
for MTs. A strong mass reduction of mobile machine parts and 
an increase of their stiffness and damping to obtain excellent 
static, dynamic and thermal stability of the structures are 
becoming a “must” to ensure excellent results in terms of  
machining accuracy, especially in micron domain. The authors 
presented a study of a set of prototypes (plates and beam) based 
on sandwiches with core made of metal foam (open cells) 
material impregnated by a PCM (Phase Change Material) wax. 
 
 
FIGURE 11. FEA results – numerical experimental comparison at 
the estimation point 
 
The choice of aluminium (open cells) metal foams, as core 
of structure, is justify by their high properties in term of 
stiffness-to-weight ratio and low density with good shear and 
fracture strength. These properties permit to guarantee light and 
stiffness as demonstrated in calculating of structural index 
E1/3/ρ and damping coefficient η and in comparison with other 
conventional materials for MT building (i.e. cast iron, welded 
steel or aluminium-alloys). 
In the same way the authors attempted to study the thermal 
stability of MT structures considering phase change materials 
to impregnate the core of the sandwiches. The thermal tests 
performed on the beams (Z-axis of a milling machine) highlight 
a considerable thermal gain due to the multifunctional 
materials. Considering these thermal tests, developed in an 
appropriate room where the temperature was perturbed in a 
specified range (from 20°C to 50°C, 12 000 s), the temperature 
measured on the external surface of the innovative beam does 
not exceed 35 °C, instead that of the conventional beam rapidly 
reaches 45 °C, causing potentially serious consequences in 
terms of distortions and shape errors during manufacturing.  
The effectiveness of the described solutions has been 
confirmed by experimental tests and supported by simulative 
analysis (FE). 
Following this way it possible to design innovative 
structures for MT mobile parts or components that are able to 
maintain constant their temperature for long duration, even if 
there are many heat sources. It is clearly necessary to improve 
the process realization of these structures (i.e. eliminating the 
glue) nevertheless these solutions represent a good milestone to 
develop further studies aiming the static, dynamic and thermal 
stability. At present time the authors are evaluating and testing 
other type of metal foams (closed cells) that are able to improve 
limits incurred in this study. 
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